Microarrays and tag-based transcriptional profiling technologies represent diverse but complementary data types. We are currently conducting a comparison of highdensity in situ synthesized microarrays and massively-parallel signature sequencing (MPSS) data in the model plant, Arabidopsis thaliana. The MPSS data (available at http://mpss.udel.edu/at) and the microarray data have been compiled using the same RNA source material. In this review, we outline the experimental strategy that we are using, and present preliminary data and interpretations from the transcriptional profiles of Arabidopsis leaves and roots. The preliminary data indicate that the log ratio differences of transcripts between leaves and roots measured by microarray data are in better agreement with the MPSS data than the absolute intensities measured for individual microarrays hybridized to only one of the cRNA populations. The correlation was substantially improved by focusing on a subset of genes excluding those with very low expression levels; this selection may have removed noisy data. Future reports will incorporate more than 10 tissues that have been sampled by MPSS.
Introduction
The establishment of whole genome sequences and the parallel development of technologies such as high density DNA microarrays and tag-based gene expression systems have enabled 'global' measurements of gene expression. In the plant community, the genomic sequences of Arabidopsis thaliana [1] and rice [2, 3] are complete or nearly complete. These sequences can serve as templates for the design of high-density oligonucleotide microarrays. Several microarray array platforms have been produced based on the Arabidopsis sequence, including first-generation arrays produced by a public consortium (the Arabidopsis Functional Genomics Consortium, or AFGC) [4] and a commercial array that included more than 8000 Arabidopsis genes produced by Affymetrix Inc. (Santa Clara, CA) [5] . The Affymetrix GeneChip arrays are comprised of sets of 25-base oligonucleotides synthesized in situ via a photolithographic process [6] . The most recent generation of commercially-produced Arabidopsis arrays include more than 21 000 genes. One such array is produced by Affymetrix. A second commercial array is produced by Agilent Technologies Inc. (Palo Alto, CA) and is based on the process of ink-jet 'printing' of 60-base probes [7] . Microarrays produce a comparative, or qualitative, measurement of gene expression, based on relative measures of dye intensities that correspond to the amount of target RNA that has hybridized to a specific probe. For an experimental condition, the relative signal intensity of each gene is measured against that of a control tissue.
An alternative set of gene expression technologies provides absolute, quantitative measures of gene expression. These tag-or sequence-based technologies determine the expression level of a gene by counting the precise abundance of a specific transcript in a library. There are two widely used methods for quantitative measurements of gene expression, SAGE (Serial Analysis of Gene Expression) [8] and MPSS (Massively Parallel Signature Sequencing) [9] . Both of these technologies produce short (10-22 nucleotide) sequence tags that are derived from a defined position in the mRNA molecule. A significant advantage of the MPSS technology relative to SAGE is the large number of signatures (more than 1 000 000) that are rapidly generated for a given library. In addition, the tags produced by MPSS are longer than most SAGE tags, being 17 or 20 bases in length. The longer MPSS tags uniquely match the majority of genes in the Arabidopsis genome and permit specific identification of transcribed regions [10] . The approximate location of the polyadenylation site for each transcript is known because both SAGE and MPSS tags are derived from defined restriction sites in the 3 end of a transcript.
Because microarrays and tag-based methods are now able to measure nearly all of the more than 29 000 genes that are annotated in the Arabidopsis genome, we are undertaking a comparison of the qualitative and quantitative measurements produced by these technologies. MPSS data are available for more than 10 Arabidopsis tissues or treatments [10; and http://mpss.udel.edu/at]. We used the same RNA that was sequenced by MPSS as a template for microarray analysis. The microarrays in use in our analysis are the Agilent in situ synthesized 'long oligo' arrays. The contents of this report, describing our initial results of this direct comparison, were presented at the 12th International Plant and Animal Genome conference in San Diego, California, on 13 January 2004.
Platforms for global gene expression analysis
The Arabidopsis MPSS database currently contains 14 libraries, representing 11 distinct samples (Table 1) ; sample names in Table 1 that are followed by a '2' have been sequenced in duplicate with a variation on the MPSS technology (B. C. [12] . By way of comparison, we have estimated that MPSS should be able to detect 29 151 genes; more than 200 genes lack a DpnII site that is required for detection with this technology. The goal of our experiments is to compare these three microarray platforms to MPSS to estimate the degree of correlation and agreement across these disparate technology platforms.
Because these microarray platforms are based on different annotations of the Arabidopsis genome and contain only a subset of the total annotated Arabidopsis genes, we investigated the number of genes represented on all four technology platforms. Gene lists for all four platforms were compared, using gene identifiers for which probe sets are available; this analysis demonstrated that there are 17 118 genes in common ( Figure 1 ). This subset of genes will be most informative because expression data can be compared across the platforms. However, the presence of this common set of genes on the different arrays belies numerous potential differences in measurements, due to variability among manufacturers in the oligo length, position within a gene, and numbers of probes for each gene. We anticipate that some genes will be better measured by the probes on certain microarray platforms, and no single platform will accurately measure every gene. The process of correlating design features with expression data is likely to require substantial empirical data across many different designs. And as genomic annotations begin to incorporate information about splice variants and functional noncoding transcripts, it will be important for array manufacturers to agree on a set of standard template sequences, to ensure that probes with identical gene identifiers are measuring precisely the same transcripts.
At this time, we have generated data for the comparison of the Agilent Arabidopsis microarrays to the MPSS dataset. The Agilent arrays consist of 60-nucleotide oligomers fabricated in situ using a maskless, 'ink-jet' synthesis reaction [13] . We determined the reproducibility and the dynamic range of these arrays by hybridizing a single sample labelled with both Cy3 and Cy5 dyes; the results from the leaf sample are shown in Figure 2 . The intensity values (Cy3 normalized vs. Cy5 normalized) were highly correlated (r 2 > 0.98), suggesting little experimental variation in the dye incorporation. The intensity data displayed a range of more than 3.5 orders of magnitude, from about 50 units (twice background) to more than 200 000 units. At the upper end of the dynamic range, we found that slightly more than 0.1% of the features were saturated. Saturation of the hybridization signal of high-abundance transcripts A total of 400 ng Arabidopsis leaf RNA (MPSS library #3 source material) was used as template to generate cRNA using the Agilent low-input linear amplification kit. From the product of this amplification reaction, 750 ng cRNA (Cy3-or Cy5-labelled) was hybridized for 18 h at 65
• C to the Agilent 22K Arabidopsis microarray. The arrays were washed and scanned using the manufacturer's recommended conditions. The data shown are for two replicate arrays with dye-normalized intensities plotted on a logarithmic scale results in underestimation of expression, and biases estimates of expression for the most abundant transcripts. This low level of saturation is important for the cross-platform comparison. Because MPSS is a 'digital' count of abundance, it should have a broad linear range with no saturation at the upper abundance level; any probe sets that are saturated on the microarrays would correlate poorly with the unsaturated MPSS data.
Comparison of gene expression data derived from MPSS and microarrays
First, we assessed the ability of the Agilent microarray to detect differential expression among two distinct tissues, leaf and root. The basis for this analysis was to generate a baseline for later comparison to the MPSS data. The RNA from leaf and root was used as template for cRNA synthesis and labelling; we used four arrays, with two replicates each of leaf (Cy3-labelled) and root (Cy5-labelled), followed by the corresponding dye-swap in which the leaf is labelled with Cy5 and the root with Cy3 (Figure 3 ). This represents a technical replication of each dye-swap and, because both samples were present on each array, we had are essential to minimize and quantify variance in the array experiments [14] . In an ideal experiment, we would also use biological replications, or RNA samples extracted from separate, but identicallytreated biological materials. However, the cost of MPSS is prohibitive for biological replicates, and in this case the point of our analysis is to test the correlations of the technology platforms and not necessarily extract the biological information from this analysis. The comparison of RNA from two different plant organs identifies differences in gene expression profiles for at least 1000 transcripts that were upregulated 10-fold in leaf compared to root, with more than 500 transcripts upregulated by 10-fold in root compared to the leaf (Figure 3 ). The log ratio data corresponding to the differences in gene expression between the leaf and root samples were later compared to corresponding differences in MPSS data.
Next, for the leaf library, we compared the signal intensity for genes represented on the Agilent microarray with the corresponding MPSS data (Figure 4) . For each gene, the total 'dyenormalized' intensity was calculated by summing the total signal intensity for both channels and dividing by the total signal intensity observed on the microarray; this value was then averaged across replicates. A plot of the dye-normalized intensity against the TPM values for corresponding genes demonstrates a weak correlation between the two overall datasets (r 2 = 0.43) (Figure 4) . The horizontal bands of points that are parallel to the x axis result from the log-scale plot and the discrete values for expression (in 'TPM') used in the MPSS data. It is also apparent from this plot that there are numerous transcripts (approximately 500) for which hybridization data were detected by the microarray, but for which no or very little Comparison of MPSS signature abundance with microarray feature signal intensity. The data for the leaf sample (MPSS library #3) are shown as a scatter plot on a logarithmic scale. MPSS signature abundances in TPM were compared to the total dye-normalized signal intensity. For each gene, the sum of the raw signal intensity for the Cy3 and Cy5 channels was divided by the sum over all genes on the array of the raw signal intensities for the Cy3 and Cy5 channels expression data were found in the MPSS analysis (Figure 4) .
There are at least two systematic biases that are known to occur in the MPSS data that could explain the poor correlation at the lowest abundance levels for the MPSS and microarray expression data of the leaf sample. A small number of Arabidopsis genes (less than 300) are known to lack a suitable DpnII site, a restriction site required for detection by MPSS [10] . A second and more significant bias results from the ∼7.7% of signatures that are underrepresented in the MPSS expression data, due to 'bad words' that are poorly sequenced by the technology. Because the association with genes of the underrepresented signatures is essentially random, and because multiple expressed signatures may be associated with a single gene (primarily due to alternative polyadenylation), this bias may produce noise that reduces the MPSS-measured expression level of a given gene, without lowering it all the way to zero TPM. We believe that this second bias is responsible for the substantial number of genes indicated in Figure 4 that show lower expression levels in the MPSS data compared to the microarray data. To compensate for the large number of genes with expression levels less than 10 TPM by MPSS, we recalculated the correlation of the MPSS and microarray data using only the more abundantly expressed genes; in this case, the correlation was much stronger (r 2 = 0.75). Finally, we compared the differentially expressed gene expression data obtained by microarray analysis with the corresponding MPSS data ( Figure 5 ). Transcripts which were upregulated in the leaf relative to the root are indicated as the set that have a negative log ratio ( Figure 3B ). This unfiltered data, when analysed by linear regression, showed a moderate correlation (y = 1.3546x + 0.0442; r 2 = 0.53). For simplicity, the dye swap data (two arrays with Cy5-labelled leaf RNA and Cy3-labelled root Figure 5 . Comparison of MPSS signature abundance differences with microarray log-ratio differences for leaf and root samples. The differences between the leaf and root samples were determined for the MPSS data and for the Agilent 22K microarray. The magnitude of differential expression detected by the two technology platforms is indicated by in the plot. On the x axis, the log ratio for the Agilent arrays calculated as the log of the ratio of leaf (Cy3-labelled) over root (Cy5-labelled) fluorescent intensities which had been corrected both for non-specific background intensities, and for the different labelling efficiencies, spectral emission and adsorption coefficients of the Cy3 and Cy5 (i.e. these are background-subtracted and dye-normalized intensities). On the y axis, the MPSS data were used to calculate the log of the ratio of the root abundance (in TPM) over the leaf abundance (in TPM). The data shown is for two replicate arrays RNA) is not included in this analysis, but these data were essentially identical (data not shown). The log ratio comparisons of the differentially expressed genes between leaf and root ( Figure 5 ) produced a better correlation than that observed when the absolute microarray signal intensities for either tissue alone were compared to MPSS transcript abundance (e.g. Figure 4 ). When we applied the same filters used in the differentially expressed data to exclude genes with low expression levels (<10 TPM) in both leaf and root, the correlation increased substantially (r 2 = 0.85). These data demonstrate well-correlated measurements of comparative abundance between samples with both microarrays and MPSS for a subset of genes. Based on this finding and the single-tissue comparison of MPSS and microarray data described above (Figure 4 ), the creation of subsets of genes for which the measurements of expression have been empirically validated in different ways may improve the correlations between technology platforms.
The next stage of the analysis will incorporate data from at least 10 of the MPSS libraries, compared with the three microarray platforms. In collaboration with laboratories at the University of California at Davis (D. St. Clair and R.W. Michelmore), we are currently generating data from the Affymetrix ATH1 GeneChip, including technical replicates. The University of Arizona microarray facility (D. Galbraith) is generating data from the spotted long-oligo microarrays. When the dataset is complete, additional statistical tools will be employed to assess the correlations among the different technology platforms.
The statistical approaches that we are using for the cross-platform comparisons are similar to those described in Tan et al. [15] . As these authors indicate, one difficulty in working with disparate data types is that gene expression measurements are reported in units unique to each platform. Therefore, to directly compare data between platforms, we will need to convert these measurements to a single common scale, based on the original fluorescent signals in the raw microarray data, and this will need to be compatible with the MPSS units normalized to 'transcripts per million'. As described by Tan et al. [15] , one approach is to rescale the data by application of a Z-transformation, so that the mean and variance (mean = 0 and standard deviation = 1) of the signals are equivalent for Arabidopsis genes shared across the platforms, permitting direct comparisons of signal distributions and error levels across technologies. To compute correlations of the signal across platforms, we are computing Pearson linear correlation coefficients and Spearman rank-order correlation coefficients for shared genes in each pair of platforms, using expression measurements that are computed as the mean of the replicate arrays. An appropriate statistical approach to isolate and identify sources of variation are the ANOVAbased tools that have been used in some published studies of microarray data [16] . As a result of sequence-specific biases in the MPSS data, approximately 9% of all signatures are underrepresented in the MPSS dataset [11] .
Several comparisons among microarray platforms have suggested that we are likely to find a poor correlation among different platforms. For example, the identical human RNA samples used by Tan et al. [15] on the Affymetrix (25-mer), Agilent (60-mer) and Amersham (30-mer) microarray platforms produced variable results across the platforms. In their study, considerable variation was observed among the subsets of genes showing significant changes in expression, and the correlations in gene expression levels across the different platforms were quite modest (Pearson's correlation coefficient, average 0.53, range 0.48-0.60). In addition, although many of the genes present on each of these human microarray platforms were the same (as with Arabidopsis), the differentially expressed genes identified by each technology did not substantially overlap. Other studies have found a poor correlation between spotted cDNA microarrays and Affymetrix GeneChip arrays [17, 18] , perhaps because these are significantly different types of array platforms. Each of these studies suggests that the conclusions derived from a microarray analysis are dependent upon the type of platform used for the experiment.
Conclusions and prospects
Our observations of moderate or low correlations among the two data types agree with previous studies that compared SAGE data to microarray data for other organisms [19] [20] [21] . By focusing on genes that are most reliably detected in both microarray and MPSS analyses, we are likely to improve the correlations that we have reported here. One of our goals will be to define these subsets of genes using empirically-derived microarray and MPSS data. Because the limit of detection for some commercial microarrays is close to ∼1/100 000 transcripts, expression and changes in gene expression near this level are difficult to detect with statistical significance [20] . Therefore, our comparison is likely to focus on moderately expressed genes observed at levels greater than 10 TPM in the MPSS database, because these data may be more robust than the weakly expressed genes.
The increasing availability of high-quality genomic sequence and annotation data will provide new resources for the construction of platforms for whole-genome transcriptional analysis. The data produced by hybridization-based platforms like microarrays may not be directly comparable with those produced by sequence-tag-based platforms like SAGE or MPSS. However, these platforms are complementary and each type of platform has advantages and disadvantages. SAGE and MPSS represent 'open' platforms, for which the measured transcripts are not pre-selected; these data can be used to find novel transcripts that may be missed by computational and predictive annotation systems. In contrast, microarrays provide a relatively inexpensive means for analysing expression and identifying differentially regulated transcripts under a broad range of conditions. The application of both tag-based expression measurements and microarrays to the growing number of complex eukaryotic genomes that are being sequenced will enable transcript identification and quantification to proceed at a greatly increased rate compared to the first generation of sequenced genomes.
